to analyze the efficiency of designing electronic products for the environment. The efficiency of each design is indicated using a Design for Disassembly Index (DfDI). DfDI uses a disassembly tree @ ' I ) which relies on the product's bill of materials as its structural blueprint. DfDI can be used to compare the efficiency among alternative designs, identifying the best alternative for a product retirement plan. In addition, the index offers designers with an important measure to help improve future products.
I. INTRODUCTION
Product designers are usually subject to numerous, but often contradicting demands. Those demands not only include designing for appeal or cost efficiency, but also for assembly, manufacturing, and any of the host of other attributes. This has led to the emergence of a principle called "Design for". The principle covers a wide range of design specialties, for example, "Design for Assembly" (DfA), "Design for Manufacturing" (DfM), etc. Increasingly significant is a new demand for designing environmentally benign products, also known as the "Design for Environment" (DE) (or Green Design). Conceptually, DfE denotes designing products such that their environmental impact is as small as possible. That is, to reduce, reuse and recycle products and their components in the most cost efficient manner.
In the past, the main criticism that surrounded D E was that it would be enormously expensive because companies would have to overhaul their entire product design or production facilities to implement it. However, with positive experiences of many companies, the current consensus is that, with proper design, not only is D E more cost efficient, in many cases, it could actually generate positive income in the long run. Moreover, it is necessary because of competition, consumer demand and the prevailing laws.
Major electronic mandacturing companies have taken proactive steps towards the greening of electronic products by emphasizing on reducing parts, rationalizing materials, and reusing components.
Xerox has launched its green manufacturing program with the objective to save costs by reusing its photocopy components [ 11. It resulted in a total savings of two hundred million dollars a year. IBM, has established component recovery facilities to disassemble and recover reusable components from computers of various sizes. The facilities work closely with IBM's Engineering Center for Environmentally ConsciouS Products (ECECP) in Raleigh, North Carolina, to improve future computer designs [2] .
Sony has also incorporated the D E principle into its product development process. At the Sony Disassembly Evaluation Workshop in Stuttgart, Germany, products are taken apart to assess the reuse and recycling potential of electronic parts. During disassembly, every step is clearly documented and recorded. The collected data is later evaluated and shared with the design engineer to help improve future designs [3] .
Designing a product to fulfill today's environmental trends requires a designer to look at the whole cycle of the product's life that ranges from the design stage to the end-oflife POL) stage (Fig. 1) . The factors that may influence the design of products for end-of-life disassembly include: the disassembly sequence, the disassembly time, the disassembly cost, the disposal cost, and the benefit from reuse and recycling. Do it right the first time is the ideal phrase to describe the purpose of DfE [4] . Designing products for the ease of disassembly, reuse and recycling is the first priority towards the greening of products, since it has the highest influence on the product's lifeqcle [5] . Green design has to account for the basic nature in every step of the product's lifecycle in order to assess its influence on the environment. Present interest on green design generally focuses on one of two major areas: Design for Disassembly (DD) and Planning For Disassembly (PfD This paper provides a technique to analyze the design efficiency of a product at both ends of the lifecycle. The design efficiency is measured using a Design for Disassembly Index (DfDI).
DfDI uses a disassembly tree @T) which relies on product's structural blueprint 1161. The DT can be used to identitjr precedent relationships that define the structural constraints in terms of the order in which components can be retrieved. DfDI can be used to compare the merits and drawbacks of different product designs. The development of this index involves the analysis of the disassembly paths and a logic disassembly table to find the combination of components and materials together with their layout in the product so as to provide the optimum cost-bendt ratio for end-of-life retrieval. The cost considerations in this analysis include disposal and disassembly labor/tooling requirements costs, while the benefit is derived from the sales of m e r e d components in terms of reuse and recycling revenue. As a result, the methodology offers the best combination of components (with the highest net benefit) to recover from the product. In sum, this methodology allows designers to improve each product design with regard to the maximum beneilt obtainable from product disassembly, even before it is put into production. Designers will also be able to incorporate the information (electronically) [MI, as an EOL product retirement plan, into the product.
II. MODEL FORMULATION
For the disassembly of products, the operations begin with disassembling the first component from a product, which usually is the outer casing. The steps that follow are to disassemble the successive components until the last one in the product structure is reached. If we represent the product as the root node, the successive subassemblies as the subassembly nodes, and the last retrievable set of components as the leaf nodes, we can use the product's bill of materials @OM) to represent the product's Disassembly Tree @T) [16] . DT is a hierarchical representation of the "predecessor-successor" relationships between its various nodes. In Fig. 2 , for instance, ROOT" is the root node, SubA,, is a subassembly node, and P I , Pz, P3 are component nodes. value from 1 to 10) representing the degree of benefit generated by the recycling of component P, (the higher the value of index, the more profitable it is to recycle the component), OW, is the weight of the component, and CF is the recycling revenue factor. Note that 04 is the disposal cost index (varying in value from 1 to 10) representing the degree of nuisance created by the disposal of component P, (the higher the value of index, the more nuisance the comwnent creates and hence it costs Z = TRR + TCR -TPC -TDC more to dispose it 00, D< is the weight of the component, and DF is the disposal cost factor.
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m. DFDI CALCULATION PROCEDURE
The DfDI can be calculated using the following steps:
Procedure:
Step 1: List each component by its ID, pdecessor, resale value, multiplicity, weight, recyclable percentage, recycle index, and disposal index.
Step 2: Assess the disassembly times.
Step 3: Generate mutually exclusive combinations for
Step4: Calculate total benefit, total cost, DfDI and net component@) selection.
benefit for each combination.
IV. EXAMPLE
This example considers two environmentally friendly computer designs, DXl and DX2 (Fig. 3 (a) and (b)) each consisting of six identical components. Fig. 3 (a) . DT of computer design DXl.
--m g g w --OH Fig. 3 (b) . DT of computer design DX2.
The following steps demonstrate the calculation of the DfDI for product design DXl . Step 3. Table 2 shows the mutually exclusive combinations in column ( J ) . A value of "1" indicates that the part is sold (reused) for its value, and a value of "0" indicates that the part is recycled for its material content andor the part is disposed of. Step4. In Table 2 , for each combination, the total benefit (TRR + TCR), and the total cost (TPC + TDC), the DfDI (calculated by dividing column (0) by (P)) and the net benefit (calculated by subtracting column (P) from column (0)) are shown in columns (0), (P), (Q) and (R) respectively. For design DXl, the maximum value of the net benefit is $
T(Subm3)
)
(combination number 29).
By following a similar procedure, we can show that the maximum value of the net benefit for design DX2 is $23.17 ( Table 2 ) (for combination number 30). Since design DX2 has a higher value of the net benefit than design DXl, the design DX2 is preferred.
With today's computer consumption growing at an astronomical rate, manufacturers are entertaining Merent alternatives for designing computers that would be economical to dispose of [19] . This example demonstrated that with respect to the optimal design (i.e., DX2) the list of components recommended for recovery and reuse are Pz, P3, P4 and P6 which corresponds to the power supply, PCBs, mother board and hard disk drive respectively. The remaining components (i.e., P I , housing assembly and Ps, floppy disk drive) from the p d u c t can be pulverized and recycled andor processed for environmentally benign disposal.
By incorporating the information into the product, or providing it to recyclers andor waste collection agencies in some appropriate way, the products can be handled in the way the designers had originally envisioned.
v. SUhmARY
This paper introduced a technique to measure the design efficiency using a Design for Disassembly Index (DfDI).
The development of DfDI involves the analysis of the tradeoff between the costs and benefits of EOL disassembly to find the combination of components that provides the optimum cost-benefit ratio for end-of-life retrieval. The cost considerations in this analysis include the costs of disassembly (labor) and disposal, while the benefit is derived fiom the sale of recovered components and materials. The index offers designers with an important measure to help improve future products.
